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The recently developed large strain elastic visco-plastic self-consistent (EVPSC) model, which incorpo-
rates both slip and twinning deformation mechanisms, is used to study the lattice strain evolution in
extruded magnesium alloy AZ31 under uniaxial tension and compression. The results are compared
against in-situ neutron diffraction measurements done on the same alloy. For the ﬁrst time, the effects
of stress relaxation and strain creep on lattice strain measurements in respectively displacement con-
trolled and load controlled in-situ tests are numerically assessed. It is found that the stress relaxation
has a signiﬁcant effect on the lattice strain measurements. It is also observed that although the creep does
not signiﬁcantly affect the trend of the lattice strain evolution, a better agreement with the experiments
is found if creep is included in the simulations.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
It has been generally accepted that the evolution of the elastic
lattice strains during loading in different grain orientations can
be used as a very sensitive indicator of plastic deformation mech-
anisms at microscopic levels (see e.g., Xu et al., 2008). Therefore,
plastic deformation mechanisms can be studied by analyzing elas-
tic lattice strain data, in addition to macroscopic stress–strain
curves and texture evolutions. However, the measured lattice
strains only provide crystallographic plane separations and are
difﬁcult to interpret in terms of tensorial strain and stress states.
Elasto-plastic crystal models are required to understand the exper-
imental results, especially so in the case of low symmetry materials
(see e.g., Brown et al., 2005).
Diffraction methods employing either neutrons or X-rays are
widely used to determine lattice strains by measuring lattice spac-
ing. The use of neutron diffraction-based internal strain measure-
ments is a relatively new technique; early development was
reported by MacEwen et al. (1983). The advantage of using neu-
trons over conventional X-rays is that the neutrons can penetrate
deeply into a metal volume and diffract off particular sets of grains,
thereby facilitating lattice-distortion measurements in those
grains throughout the volume of a metal specimen. The measure-
ments give data pertaining to the lattice strains of families of crys-
tals having one common crystallographic direction. The distinct
disadvantage of neutrons, however, is the long collection times.ll rights reserved.
92; fax: +1 905 572 7944.In a typical in-situ neutron diffraction experiment, the sample is
deformed incrementally, stopping at each point to collect neutrons.
The holding times typically vary between 5 and 20 min, depending
on the material tested and on the peak-deﬁnition required (Agnew
et al., 2006; Muransky et al., 2008; Neil et al., 2010). As a conse-
quence, during the measurement it takes place a well documented
stress relaxation in the case of a ‘‘displacement controlled’’ exper-
iment, or creep in the case of a ‘‘load controlled’’ experiment.
Self-consistent polycrystal models have been widely used to
interpret experimentally measured lattice strain data. Within this
modeling paradigm, the precise surroundings of each grain are
not accounted for. This apparent limitation, however, is not so sig-
niﬁcant in using neutron diffraction to measure in-situ internal
strains in aggregates. The reason is that this technique measures
average lattice spacing, coming from many grains with a common
plane normal, but each experiencing different surroundings. As a
result, the assumption of effective medium surrounding each grain
ellipsoid has the same level of detail as the measurement, and
makes these polycrystal models well suited to interpret the
measurements provided by neutron diffraction. The visco-plastic
self-consistent (VPSC), developed by Molinari et al. (1987) and
Lebensohn and Tomé (1993), is a very popular self-consistent poly-
crystal model that has been successfully applied to simulate large
strain behavior and texture evolution of hexagonal close-packed
(HCP) polycrystalline Mg under various deformation modes
(Agnew and Duygulu, 2005; Agnew et al., 2001; Jain and Agnew,
2007; Proust et al., 2009). However, viscoplastic models, such as
VPSC, do not include elastic deformation and thus cannot be used
to study lattice strains. Most of the experimentally measured
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self-consistent (EPSC) model developed by Turner and Tomé
(1994). The aforementioned EPSC model works only for small
deformation and does not include texture evolution associated
with slip or twinning reorientation. Only recently Clausen et al.
(2008) extended the EPSC model by including texture development
and stress relaxation due to twinning, while Neil et al. (2010)
developed a large strain EPSC model to approximately account
for the kinematics of large strain, rigid body rotations, texture evo-
lution and grain shape evolution. However, the rate-insensitive
character of the constitutive law upon which the EPSC is based,
prevents us from addressing strain rate-sensitivity in general,
and the experimentally observed stress relaxation and creep asso-
ciated with ﬁnite hold times for data acquisition in particular. It is
expected that such a macroscopic relaxation and creep can only be
accounted by a rate-sensitive elastic-plastic model. Very recently,
Mareau and Daymond (2010) reported an elasto-viscoplastic self-
consistent (EVPSC) model to describe the behavior of HCP materi-
als where multiple deformation modes, including plastic slip and
twinning, coexist. The model was applied to study the develop-
ment of lattice strains in a moderately textured Zircaloy-2 slab.
However, the EVPSC model by Mareau and Daymond (2010) works
only for small deformations, and relaxation during individual mea-
surements was not explicitly accounted for in their simulations.
However, because in-situ measurements may be done at large
strains (Neil et al., 2010), and because neutron collection times
are usually large, experimentally measured lattice strain data
should be interpreted by using a large strain EVPSC model and
by explicitly accounting for effects of relaxation or creep.
The large strain EVPSC model, recently developed byWang et al.
(2010d), has been found to be able to predict many aspects of the
large strain behavior of HCP materials (Wang et al., 2011; Wang
et al., 2010b). In the present paper, the EVPSC model is applied
to study lattice strains in magnesium alloy AZ31 under uniaxial
tension and compression. The results are compared to the corre-
sponding experimental data reported by Agnew et al. (2006). The
effects of stress relaxation and strain creep associated with ﬁnite
hold times for data acquisition on the calculated lattice strains
are emphasized. To the authors’ knowledge, these important ef-
fects have not been investigated until now.
The plan of this paper is as follows. In Section 2, we explain how
the average lattice strain is calculated as the relative change in
average lattice spacing. Section 3 brieﬂy recapitulates the EVPSC
model we are going to adopt throughout this paper, mainly for
the purpose of deﬁnition and notation. Section 4 presents results
and discussions. Conclusions are presented in Section 5.
2. Lattice strains
The in-situ neutron diffraction technique measures the lattice
spacing dhkl of the planes (hkl) in a subset of grains that have the
(hkl) plane normal parallel to the diffraction direction. The Bragg
condition, namely nk ¼ dhkl sin h, relates the spacing of the diffract-
ing plane to the beam wavelength k and the angle h between the
beam and the plane normal, where n is an integer. The use of a
‘white’ beam (a continuous spectra of wavelengths), and the ﬁnite
dimension of the detector (which spans about 15), mean that lat-
tice spacings within a certain range (typically 1 Å < d < 3 Å) con-
tribute to a given diffraction peak. As a consequence of such
experimental conditions, a subset of grains with (hkl) normals con-
tained within the solid angle of the detector, contribute to a given
peak. In addition, because these grains do not experience the same
stress conditions, their (hkl) spacing varies and leads to broadening
of the peak. As a consequence, the diffraction peak represents a dis-
tribution of interplanar spacings dhkl. Here, as in other similar pa-
pers, we are only concerned with the shift of the peak maximumwith applied load, which is indicative of the average lattice strain
within the corresponding subset of grains. The average lattice
strain is calculated as the relative change in average plane spacing,
d:
hehkli ¼ hd
hkli  dhkl0
dhkl0
ð1Þ
where d0 is the initial (stress–free) plane spacing in the single
crystals. Observe that this strain is purely elastic and induced by
the Cauchy stress in the subset of grains. Diffraction data are fre-
quently plotted as a macro-stress vs. micro-strain curve, with the
applied macroscopic stress in the vertical axis and the average lat-
tice strain hehkli in the horizontal axis. In the elastic regime, the
lattice strain increases linearly with the macroscopic stress, and
the slope is a function of directional Young modulus Ehkl and the
bulk crystallographic texture. In the ideal case that all the grains
were to yield simultaneously and continue accommodating defor-
mation without any hardening, the stress would stop evolving in
every grain, and so would the lattice strains. Such a case is
implausible because of hardening and the intrinsic elastic and
plastic anisotropy of crystalline grains which deform by slip and
twinning. Typically, subsets of grains in ‘soft’ orientations yield
ﬁrst and stop bearing internal stresses, while subsets of grains in
‘hard’ orientations continue to deform elastically. Because the
macroscopic stress is an average of the grain stresses, plastic
relaxation in one subset of grains leads to greater load sharing
in another subset. The lattice strain deviations from linearity im-
ply that plastic deformation is taking place within grains in the
subsets, and inﬂections in the curves can ultimately be related
to activation of speciﬁc slip and twin systems.3. The EVPSC model
The elastic visco-plastic self-consistent (EVPSC) model for poly-
crystals recently developed by Wang et al. (2010d) is a completely
general elastic-visco-plastic, fully anisotropic, self-consistent poly-
crystal model, applicable to large strains and to any crystal sym-
metry. The model is based on the approximation proposed by
Molinari et al. (1997) for treating the elasto-visco-plastic inclusion
problem. Here, we provide a brief description of the model. For de-
tails we refer to Wang et al. (2010d).
The elastic constitutive equation for a crystal is:
r
r ¼L : de  rtrðdeÞ ð2Þ
whereL is the fourth order elastic stiffness tensor, de is the elastic
strain rate tensor and r
r
is the Jaumann rate of the Cauchy stress r
based on the lattice spin tensor we. The single crystal elastic anisot-
ropy is included inL through the crystal elastic constants Cij (Wang
and Mora, 2008). For isotropic elasticity L is a function only of
Young’s modulus, E, and Poisson’s ratio, m.
Plastic deformation of a crystal is assumed to be due to crystal-
lographic slip and twinning on systems (sa,na). Here, sa and na are
respectively the slip/twinning direction and normal direction of
the slip/twinning system a. The following equation gives the grain
(crystal) plastic strain rate dp (see e.g., Asaro and Needleman,
1985):
dp ¼
X
a
_caPa; _ca ¼ _c0 s
a
sacr


1
m1 sa
sacr
ð3Þ
where _c0 is a reference value for the slip/twinning rate,m is the slip/
twinning rate sensitivity, and Pa = (sana + nasa)/2 is the Schmid ten-
sor for system a. sa = r:Pa and sacr are the resolved shear stress and
critical resolved shear stress (CRSS) for system a, respectively. The
evolution of sacr due to hardening processes is given by:
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Fig. 1. Initial texture of AZ31 bar represented in terms of the {0002} and f10 10g
pole distributions (Agnew et al., 2006).
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ds^a
dcac
X
b
hab _cb ð4Þ
where cac ¼
P
a
R
_caj jdt is the accumulated shear strain in the grain,
and hab are the latent hardening coupling coefﬁcients, which empir-
ically account for the obstacles on system a associated with system
b. s^a is the threshold stress, described here by an extended Voce law
(Tomé et al., 1984):
s^a0 ¼ sa0 þ sa1 þ ha1cac
 
1 exp h
a
0
sa1
cac
  
ð5Þ
Here, s0, h0, h1 and s0 + s1 are the initial CRSS, the initial hardening
rate, the asymptotic hardening rate, and the back-extrapolated
CRSS, respectively. The polar nature of twinning is incorporated into
the model simply by specifying a very large CRSS for the reverse
direction. It is noted that the assumption that twinning has a CRSS
has been questioned. For example, Bell and Cahn (1957) found that
no CRSS for twinning exists in Zinc crystal wires. However, it has
been extensively reported that twinning occurs on the system with
the highest resolved shear stress in various materials (see e.g.
Thompson and Millard, 1952; Chin et al., 1969; Gharghouri et al.,
1999). It is also noted that twin nucleation in Mg is driven by local
stresses in the vicinity of grain boundaries, and is not addressed by
the EVPSC model. Beyerlein et al. (2011) have presented a more
complex plasticity model for Mg, where twin nucleation is ad-
dressed thorough a statistical model. Their predictions are consis-
tent with experimental evidence when twin propagation is
assumed to be driven by a CRSS of activation.
The response of a polycrystal comprised of many grains is ob-
tained using a self-consistent approach: each grain is treated as
an ellipsoidal inclusion embedded in a Homogeneous Effective
Medium (HEM), which represents the aggregate of all the grains.
Interactions between each grain and the HEM are described using
the Eshelby inclusion formalism (Eshelby, 1957). During each
deformation step, the single crystal constitutive rule (which de-
scribes the grain-level response) and the self-consistency criteria
are solved simultaneously. This ensures that the grain-level stres-
ses and strain rates are consistent with the boundary conditions
imposed on the HEM. The behavior of the inclusion (single crystal)
and HEM (polycrystal) can be linearized as follows (Wang et al.,
2010d):
d ¼Me : _rþMv : rþ d0 ð6Þ
D ¼ Me : _Rþ Mv : RþD0 ð7Þ
Here,Me,Mv d, r and d0 are respectively the elastic compliance, the
viscoplastic compliance, strain rate, true stress and the back-extrap-
olated strain rate for the grain. Me, Mv , D, R and D0 are the corre-
sponding terms for the HEM. The grain-level stress and strain
rates are related self-consistently to the corresponding values for
the HEM via an empirical superposition of the purely elastic and
purely visco-plastic expressions (Molinari and Toth, 1994):
ðd DÞ ¼ fMe : ð _r _RÞ fMv : ðr RÞ ð8Þ
The interaction tensors fMe and fMv are given by:
fMe ¼ ðI SeÞ1 : Se : Me; fMv ¼ ðI SvÞ1 : Sv : Mv ð9Þ
where Se and Sv are the elastic and visco-plastic Eshelby tensors for
a given grain, respectively, and I is the identity tensor.
Various linearization/self-consistent schemes have been pro-
posed (see e.g., Lebensohn et al., 2007). Very recently, Wang
et al. (2010a,c) evaluated these self-consistent approaches by
applying them to the large strain behavior of magnesium alloy
AZ31B sheet under different deformation processes. It was found
that the Afﬁne self-consistent scheme gave the best overall perfor-mance among the self-consistent approaches examined. Therefore,
the Afﬁne self-consistent scheme is employed in the present study.
The single crystal constitutive law is:
Mv ¼ _c0m
X
a
ðsasacr Þ
1
m1 PaPa
sacr
d0 ¼ ð1 1mÞd
p
ð10Þ
To model twinning, the Predominant Twin Reorientation (PTR)
scheme proposed by Tomé et al. (1991) is used. PTR prevents grain
reorientation by twinning until a threshold volume fraction Ath1 is
accumulated in any given system and rapidly raises the threshold
to a value around Ath1 + Ath2. It should be noted that in the PTR mod-
el, second twinning is not allowed and grain size effects on twin-
ning are not included.
4. Results and discussion
The material considered in the present paper is magnesium al-
loy AZ31 extruded bar, which has been experimentally studied by
Agnew et al. (2006). The initial crystallographic texture of the bar is
discretized to 2160 grains with independent orientations and
weights. The {0002} and f10 10g pole ﬁgures of the texture
(Fig. 1) show that the grains tend to have their basal planes ori-
ented parallel (c-axis oriented perpendicular) to the extrusion
direction (ED) of the bar. Polycrystal modeling predictions of
HCP, and especially internal stress predictions, depend strongly
upon the combination of deformation modes selected and their
hardening evolution. Extensive recent work (e.g., Koike, 2005)
has conﬁrmed that the dominant deformation modes in polycrys-
talline AZ31 at room temperature are basal slip f0002g <
11 20 > and tensile twinning f10 12g < 10 11 >, with non-basal
slip occurring in the vicinity of grain boundaries where strain
incompatibilities perturb the local stress state. The importance of
pyramidal hc + ai slip f11 22g < 11 23 > to accommodate defor-
mation in the c direction of grains has been reported by Agnew
and Duygulu (2005). Previous modeling works on lattice strains
of AZ31 by Agnew et al. (2006) and Muransky et al. (2009) have
shown that the simulations including prismatic slip
f10 10g < 11 20 > give predictions which are more consistent
with the experiments. Therefore, basal, prismatic and pyramidal
slip as well as tensile twinning are selected here as the main defor-
mation modes in AZ31.
The reference slip/twinning rate, _c0, and the rate sensitivity, m,
are prescribed to be the same for all slip/twinning systems:
_c0 ¼ 0:001s1 and m = 0.05, respectively, unless otherwise men-
tioned. The room temperature elastic constants of magnesium sin-
gle crystal reported by Simmons and Wang (1971), i.e.C11 = 58.0,
C12 = 25.0, C13 = 20.8, C33 = 61.2 and C44 = 16.6 (units of GPa) are
used in the simulations. The set of CRSSs and hardening parame-
ters for each mode are estimated by ﬁtting numerical simulations
of uniaxial tension and compression along the ED to the
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strain rate, D11 = 0.001 s1, is prescribed in the loading direction,
and the macroscopic stress components are enforced to be zero,
except for the stress r11 along the loading direction. Because of
the extrusion texture, the majority of c-axes experience contrac-
tion (extension) during uniaxial tension (compression) along ED.
As a consequence, twinning is not activated in axial tension, but
contributes substantially to deformation during axial compression.
Thus, values for the material parameters associated with the slip
systems are determined from uniaxial tension along ED, while val-
ues for the material parameters associated with tensile twinning
are determined from uniaxial compression along ED. The uniaxial
tension and compression true stress – true strain curves along
ED are presented in Fig. 2. The characteristic S-shape of the com-
pressive ﬂow curve clearly reveals the importance of twinning in
compression. The macroscopic yield stresses for uniaxial compres-
sion and tension are around 120 MPa and 190 MPa, respectively,
showing the strong tension/compression asymmetry associated
with twinning. The EVPSC model with the Afﬁne scheme ﬁts the
experimental curves quite well. Table 1 lists the values of the
material parameters obtained from these simulations. These
parameters will be used in subsequent simulations. It is worth
mentioning that these parameters are signiﬁcantly different to
those used in Agnew et al. (2006). This is due to the fact that the
present study and the one reported in Agnew et al. (2006) are
based on two different constitutive models. As mentioned previ-
ously, the EVPSC model used in the present study is rate-sensitive
and valid for arbitrary large strains, while the EPSC model applied
in Agnew et al. (2006) is rate-insensitive and valid only for small
strains. More importantly, the EPSC model does not account for
re-orientation due to twinning.
Fig. 3 shows the predicted and experimental internal strains
along the axial direction under uniaxial tension. As reported by Ag-
new et al. (2006), the non-linearity of lattice strains starts at an
overall stress of around 50 MPa due to the activity of basal slip sys-
tems which have low CRSSs. Because of the texture, the f10 10g
and f11 20g reﬂections along the loading direction are the most
accurate. In Fig. 3, only the results of f11 20g family are presented
because the lattice strains in the f10 10g and f11 20g families are
almost the same. From the comparison with the experimental data
it is observed that the lattice strains of f11 20g family are0 0.05 0.1 0.15 0.2
0
50
100
150
200
250
300
350
Experiments
Fitting
11σ
11ε
tension
compression
Fig. 2. Stress–strain responses of AZ31 bar under uniaxial tension and compression
along ED. The symbols are the experimental data taken from Agnew et al. (2006).
The solid lines are the ﬁtted stress–strain curves based on the EVPSC model.accurately predicted by the EVPSC model, while for the f10 11g
family the model signiﬁcantly overestimates the lattice strains.
As mentioned previously that, under uniaxial tension, the absolute
diffraction peak intensity of f11 20g is relatively strong, while that
of f10 11g is very weak. The weak diffraction peak intensity of
f10 11g introduces some uncertainties in both the experiment
and simulation. The poor agreement shown in the f10 11g family
is likely due to these uncertainties. This is consistent with the
observation made by Agnew et al. (2006). Fig. 4 shows relative
activities of slip/twinning under uniaxial tension along ED. It is
found that mostly basal slip and prismatic slip accommodate the
plastic deformation. Little or no pyramidal slip or tensile twinning
activity is predicted.
Fig. 5 presents the relative diffraction intensities associated
with various diffraction planes along the axial direction under uni-
axial tension. In the simulations, the diffraction intensities are
assumed to be proportional to the volume fraction of the corre-
sponding grain families. The absolute diffraction intensities
depend on many factors including the volume fraction of grains
involved, diffraction angle and texture of the sample. As a conse-
quence, it is difﬁcult to calculate absolute intensities for compari-
son with the experiment. Instead, a relative diffraction intensity,
which is deﬁned as the instantaneous intensity normalized by
the corresponding initial intensity, is used here. To avoid conges-
tion, the original relative intensities are shifted by one unit parallel
to abscissa in Fig. 5. It can be seen that both the experimental and
simulated relative intensities remain constant before yielding
(r11  190 MPa). Because only very few grains have their {0002}
plane along ED the intensity of the {0002} family keeps extremely
small in the entire deformation process. After yielding, the intensi-
ties of the other families change due to texture evolution. However,
these changes in intensity are small when the applied stress is be-
low 250 MPa, which is the maximum stress value recorded in the
tensile test. At large strains, the predicted intensity variations
show a remarkable shift, which is actually due to the signiﬁcant
texture evolution by further straining up to 20% while the applied
stress is nearly saturated.
The lattice strains along the transverse direction under uniaxial
tension are shown in Fig. 6. Before yielding, the lattice strains in
the {0002}, f11 20g and f10 11g families are almost the same
and increase linearly with macroscopic applied stress. At
r11  190 MPa, a dramatic increase in the lattice strain of the
{0002} family and a signiﬁcant decrease in the lattice strain of
the f11 20g and f10 11g families are observed in comparison to
their initial linear slopes. This indicates that the grains of the
{0002} family bear more stresses, while the grains of the
f11 20g and f10 11g families bear relatively less stress. The reason
for this can be found from Fig. 4, which shows large prismatic
activity and little pyramidal and twinning activity. The former sys-
tem accommodates deformation perpendicular to the c-axis, and
the latter systems accommodate deformation along c-axis. If pyra-
midal or twinning are not active, more elastic strain accumulates
along the c-axis. The predictions based on the EVPSC model are
in reasonable agreement with the experimental data. The relative
intensities for various families in the transverse direction under
uniaxial tension are shown in Fig. 7 (lines for predictions and sym-
bols for experiments). The results are consistent with the ones
along the axial direction shown in Fig. 5. More speciﬁcally, there
is practically no change in the intensity until about 190 MPa, and
a small change from there to 250 MPa. Past this point, the predic-
tions are affected by the fact that there is a dramatic increase in
macroscopic strain and thus a signiﬁcant texture evolution with
little increase in stress because the applied stress is nearly satu-
rated (see Fig. 2).
We proceed by numerically predicting the lattice strains under
uniaxial compression along ED. Fig. 8 shows relative activities of
Table 1
Values of the material parameters for the slip and twin systems used in the EVPSC model. The parameter hst lists latent hardening effect of twinning activity upon the other
deformation modes. All other latent hardening parameters in Eq. (4) are (1).
Mode s0 (MPa) s1 (MPa) h0 (MPa) h1 (MPa) hst Ath1 Ath2
Basal <a> 17 1 190 10 1
Prismatic <a> 85 10 750 10 1
Pyramidal <c + a> 100 113 2000 0 0.65
Tensile twin 20 0 0 0 1 0.5 0.8
0 0.002 0.004 0.006 0.008
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Fig. 3. Simulated and experimental lattice strains along the axial direction under
uniaxial tension.
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Fig. 4. Relative Activity of the various deformation modes under uniaxial tension.
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Fig. 5. Simulated and experimental relative intensities along the axial direction
under uniaxial tension. The origin is shifted by 1 unit parallel to abscissa so as to
avoid congestion.
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Fig. 6. Simulated and experimental lattice strains along the transverse direction
under uniaxial tension.
H. Wang et al. / International Journal of Solids and Structures 49 (2012) 2155–2167 2159slip/twinning under uniaxial compression. It is found that under
uniaxial compression and at strains |e11| < 0.05, tensile twinning
is very active, and the remaining plasticity is accommodated by ba-
sal slip and prismatic slip. The tensile twining activity decreases
rapidly, while the basal slip activity signiﬁcantly increases in the
simulation and dominates deformation past |e11| > 0.10. For strains
|e11| > 0.05 the model predicts increasing pyramidal slip activity
and little to no prismatic slip. Both observations are a consequenceof the previous twinning activity, by which most grains reorient
their c-axis along ED.
Fig. 9 presents the lattice strains along the axial direction under
uniaxial compression. The macroscopic yield stress is about
120 MPa, which coincides with the plateau in the compressive
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Fig. 7. Simulated and experimental relative intensities along the transverse
direction under uniaxial tension. The origin is shifted by 1 unit parallel to abscissa
so as to avoid congestion.
0 0.05 0.1 0.15 0.20
0.2
0.4
0.6
0.8
1
Basal
Prismatic
Pyramidal
Tensile twin
A
ct
iv
ity
11ε
Fig. 8. Activity of various deformation modes under uniaxial compression.
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Fig. 9. Simulated and experimental lattice strains along the axial direction under
uniaxial compression.
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Fig. 10. Simulated and experimental relative intensities along the axial direction
under uniaxial compression. The origin is shifted by 1 unit parallel to abscissa so as
to avoid congestion.
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Figs. 2 and 8). At the yield point of compression, twinning reorients
the {0002} planes ‘into’ the detector, and an obvious stress trans-
fer takes place. The newly formed twins are in tension and thus
more compression has to be taken by the families of f10 10g and
f11 20g. This ‘‘shear over-relaxation’’ effect associated with twin-
ning is not included in the EVPSC model, but is accounted for
and discussed by Clausen et al. (2008) within a modiﬁed EPSC
framework, and has been experimentally characterized by Aydiner
et al. (2009) using X-ray diffraction. The conclusion by Clausen
et al. (2008) and Aydiner et al. (2009) is that, when formed, the
twinned domains align their c-axis with the compression direction
({0002} family), but exhibit a tensile stress along such direction.
Their stress state shifts rapidly to be compressive as more stress
is applied and they grow (Fig. 9). The transient lattice strain at
yielding is only crudely simulated by the EVPSC because the PTR
scheme reorients the whole grain when a threshold value isreached, rather than doing so gradually. However, when most of
the grains have been reoriented, the lattice strain of f10 11g and
{0002} families predicted by the EVPSC agrees with the experi-
mental data both qualitatively and quantitatively. For the family
of f11 20g, the EVPSC model predicts the experimental data qual-
itatively but underestimates the lattice strain because there is a
small fraction of grains in that family due to the PTR scheme.
Fig. 10 shows the relative diffraction intensities associated with
various diffraction planes along the axial direction for the case of
uniaxial compression. Because the initial intensity of the {0002}
family is extremely small, its intensity is normalized by its largest
value, instead of the initial value. It is observed that the intensities
predicted by the EVPSC model (lines) are in reasonably good agree-
ment with the experimental ones (symbols). At yielding where
twinning dominates, the predicted intensities change more rapidly
-0.002-0.00100.0010.0020.0030.004
0
50
100
150
200
250
300
350
{11-20} Exp.
{10-11} Exp.
{ 0002} Exp.
{11-20} Sim.
{10-11} Sim.
{ 0002} Sim.
11σ
Lε
Fig. 11. Simulated and experimental lattice strains along the transverse direction
under uniaxial compression.
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Fig. 12. Simulated and experimental relative intensities along the transverse
direction under uniaxial compression. The origin is shifted by 1 unit parallel to
abscissa so as to avoid congestion.
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Fig. 13. Stress and strain curves under monotonic loading and loading with
relaxation.
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Fig. 14. Simulated lattice strains along the transverse direction under uniaxial
tension with relaxation and without relaxation (monotonic).
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tween predications and experimental data is found from the rela-
tive diffractive intensity associated with the f10 11g family.
While the experimental intensity slightly decreases with increas-
ing stress, the prediction has a sudden increase at yielding and re-
mains signiﬁcantly higher than the experimental one until the
stress reaches about 250 MPa. Above this stress level, the predicted
intensity decreases dramatically with increasing stress.
The lattice strains along the transverse direction under uniaxial
compression are presented in Fig. 11. The compressive lattice
strain of the {0002} family results from the twinning activity.
The EVSPC model qualitatively captures the experimental evolu-
tion of lattice strains but the trends are exaggerated. The growth
of the twin domains inside the parent grain has the effect of induc-
ing a compressive transverse strain, which manifests itself as shift-
ing the {0002} planes in the parent towards the compressionregion, although a simplistic Poisson analysis would predict them
to be in tension. The f10 11g family exhibits a similar behavior.
Fig. 12 shows the relative intensities of various diffraction planes
along the transverse direction under uniaxial compression. A dra-
matic change in the intensities at yielding is due to the twin in-
duced reorientation. It can be seen that the EVPSC model
provides a good agreement with the experimental intensities.
As mentioned previously, each in-situ neutron diffraction mea-
surement of lattice strain takes approximately 10 min, depending
on the penetration of neutrons for the particular material. There-
fore, stress relaxation in displacement controlled loading and creep
in load controlled loading are unavoidable. It is expected that the
stress distribution changes little during creep and as a result, the
associated lattice strains are not expected to change much in load
controlled loading. However, in displacement controlled loading,
the applied stress drops signiﬁcantly during the period of data
acquisition, and this stress relaxation will change the lattice
strains. However, the effects of the stress relaxation and creep on
0 100 200 300 400 500
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
Lε
Lε
t
{11-20}
{10-10}
{10-11}
{0002}
0 100 200 300 400 500
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
t
0.00511 =ε
0.02
0.18 0.08
(a)
(b)
Fig. 15. Simulated lattice strains along the axial direction under uniaxial tension
with relaxation at (a) e11 = 0.18; and (b) lattice strains for the f11 20g diffraction
plane under various strain levels.
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Fig. 16. Effect of strain rate sensitivity m on the simulated lattice strains along the
axial direction for the f11 20g diffraction plane under uniaxial tension with
relaxation at e11 = 0.18.
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Fig. 17. Stress and strain curves under uniaxial tension and compression with creep
and without creep (monotonic).
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present paper, these effects are numerically investigated using the
EVPSC model.
In the calculations that follow, relaxation is simulated at each
measuring point, following which the aggregate is reloaded up to
the measuring point. In the simulations, the imposed macroscopic0 0.002 0.004 0.006 0
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onset of relaxation. In a simulation of monotonic uniaxial tension/
compression under a constant imposed strain rate D11 = 0.001 s1
it will take 120 s to reach strain of 0.12. On the other hand, each
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ation time is prescribed to be 500 s. It will become clear later that
500 s are enough for lattice strains to be almost saturated. The
boundary conditions for relaxation are taken as: D11 = 0, _rij ¼ 0 ex-
cept _r11 – 0. To maintain the constant applied strain, due to the
viscous nature of the EVPSC model, the inelastic strains during-0-0.008-0.006-0.004-0.00200.002
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Fig. 20. Effect of creep on the predicted lattrelaxation increase with time at the expense of the reduction of
the elastic strains. Fig. 13 gives the macroscopic stress–strain
curves under loading with and without relaxation. The legend
‘‘relaxation’’ in Fig. 13 and other ﬁgures shown later indicates load-
ing with relaxation, while ‘‘Monotonic’’ implies loading without
relaxation. It can be seen that at the relaxation point, the stress-0.002-0.00100.0010.0020.0030.004
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with relaxation or creep at r11 = 235 MPa.
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the stress, the more the stress relaxation that takes place. The same
rate sensitivity (m = 0.05) and hardening parameters (Table 1) are
used for the loading and the relaxation. Although the same set of
parameters may not apply to both processes, the purpose of this
paper is to investigate the qualitative effects of relaxation upon
the measurements, and not to precisely characterize the creep
parameters.
Fig. 14 shows the simulated lattice strains along the transverse
direction under uniaxial tension with and without relaxation.
Obviously, stress relaxation affects the predicted lattice strain sig-
niﬁcantly. Fig. 15(a) illustrates the lattice strains along the axial
direction under uniaxial tension for a single relaxation path at
e11 = 0.18. The lattice strain of the {0002} family remains un-
changed because the stress is far from the threshold values in those
grains, while the lattice strain of the f11 20g family experiences
the most signiﬁcant change during stress relaxation. It is found
that the lattice strains drop rapidly at the early stage of the
relaxation and behave asymptotically at larger times. Clearly, the
lattice strains are almost constant after 200s. Fig. 15(b) plots the
relaxation of the f11 20g poles at four different measurement
points. It is observed that the higher the elastic strain - and so
the closer the stress is to the ﬂow value – the more the lattice
strain is relaxed for a ﬁxed time interval. More speciﬁcally, at
200 s there is a lattice strain relaxation of 0.001, 0.0013, 0.0015
and 0.0016 at total strains of 0.005, 0.02, 0.08 and 0.18, respec-
tively. Typically, the internal strains drop by about 25% in the ﬁrst
200 s.
The relaxation results shown in Figs. 13–15 depend on the ratio
of the effective viscosity of the plastic behavior to the elastic mod-
ulus. While the previous simulations are based on using a strain
rate sensitivity m = 0.05 in the EVPSC model, Fig. 16 shows the ef-
fect of strain rate sensitivity on the simulated lattice strains along
the axial direction for the f11 20g family under uniaxial tension
with stress relaxation at e11 = 0.18. As expected, the amount of de-
crease in the lattice strain during stress relaxation increases with
increasing strain rate sensitivity. Furthermore, the higher the
strain rate sensitivity, the longer the time for the lattice strain to
approach its saturated value. However, even if m = 0.10 the evolu-
tion of the lattice strain with time becomes insigniﬁcant after
200 s.
Unfortunately, the predicted effect of relaxation on lattice
strains cannot be assessed experimentally since the in-situ tests
carried by Agnew et al. (2006) were performed under load control.
A few displacement controlled in-situ tests were performed by
Clausen et al. (2008) in the plateau region of the stress–strain curve
for the case of ED compression, because in these region load con-
trol leads to a substantial amount of creep taking place. These tests
where supplementary to load controlled in-situ tests in order to
maintain measurement accuracy at the region where twinning
dominates.
Fig. 17 gives the macroscopic stress–strain curves under two
loading conditions: either allowing for creep during holding times,
or not. The legend ‘‘creep’’ in Fig. 17 indicates loading followed by
creep, while ‘‘monotonic’’ implies loading without allowing creep.
The boundary conditions for creep are taken as: _rij ¼ 0, and the
creep time is again prescribed to be 500 s. It is observed that the
magnitude of the creep strain depends on the hardening rate at
the onset of creep. The higher the hardening rate, the smaller the
creep strain there is. This is because creep accommodates plastic
deformation without changing the resolved shear stress and, when
the hardening rate is higher, the corresponding CRSS increases rap-
idly and therefore the accommodated strain becomes less at a gi-
ven time interval according to Eqs. (3) and (4).
Fig. 18(a) shows the lattice strains along the axial direction for
several diffraction planes at a creep stress of 235 MPa under uniax-ial tension. It can be seen that, except for the f10 11g family, the
axial lattice strains remain almost constant during creep.
Fig. 18(b) plots the evolution of the lattice strains with time for
the f10 11g plane at three different measurement points. It is
found that the reduction in the lattice strain during creep is much
more signiﬁcant at r11 = 235 MPa than that at r11 = 278 MPa. This
is due to the fact that the hardening rate at r11 = 235 MPa is much
higher than that at r11 = 278 MPa. However, even at r11 = 235 MPa
the evolution of the lattice strain with time becomes insigniﬁcant
after 200 s.
Figs. 19 and 20 show the effect of creep on the predicted lattice
strains under uniaxial tension and compression, respectively. For a
comparison, the results under monotonic loading (i.e. without
creep) are also included in the ﬁgures. For each measurement,
the lattice strains with creep are taken at a creep time of 200 s.
Since the lattice strains evolve very slowly after 200 s (see
Fig. 18), it is found that accounting for creep does not signiﬁcantly
affect the trend of the lattice strain evolution. However, a more
careful observation reveals that a better agreement, noticeable
but not very signiﬁcant, with the experiments is found if creep is
included in the simulations.
Comparing Fig. 15(b) and Fig. 18(b) and noticing the difference
in scale between these ﬁgures, it is found that, for a given strain
rate sensitivity (m = 0.05), the evolution of lattice strains during
strain creep is much less important than that during stress relaxa-
tion. This is due to the fact that the lattice strain is directly associ-
ated with the stress level inside the grains. The stress level
decreases signiﬁcantly during stress relaxation, while only little
change in the stress level occurs during strain creep. Although
not shown here, our numerical tests have demonstrated that this
observation holds for a wide range of the strain rate sensitivity
m. Fig. 21 shows the predicted lattice strains along the axial direc-
tion for several diffraction planes under uniaxial tension with
relaxation and creep at r11 = 235 MPa. It is noted that, from Figs.
15 and 18, the effects of stress relaxation and strain creep on lattice
strains depend on the stress and strain at which the relaxation and
creep are initiated. At the stress r11 = 235 MPa and the correspond-
ing strain e11 = 0.035, the effect of creep on lattice strains is most
signiﬁcant (see Fig. 18(b)), although still much smaller than the
effect of stress relaxation on lattice strains (see Fig. 15(b)).
Therefore, together with Figs. 15, 18 and Fig. 21 conﬁrms that
2166 H. Wang et al. / International Journal of Solids and Structures 49 (2012) 2155–2167creep has relatively smaller inﬂuence on lattice strain evolution
than relaxation does. This implies that enforcing constant stress
at each measuring point may be a more efﬁcient situation for com-
paring experiments and simulations.
5. Conclusions
The recently developed large strain elastic visco-plastic self-
consistent (EVPSC) model, which incorporates both slip and twin-
ning deformation mechanisms, has been used to study lattice
strain evolution in conventional extruded magnesium alloy AZ31
under uniaxial tension and compression. The predictions have
been compared with in-situ experimental measurements obtained
using in-situ neutron diffraction. The EVPSC model can qualita-
tively predict the evolution of lattice strains.
For the ﬁrst time, the stress relaxation and creep effects associ-
ated with in-situ neutron measurements have been modeled for
strain controlled and stress controlled measuring methods, respec-
tively. It has been found that the stress relaxation (strain control)
has a more signiﬁcant effect on the lattice strain measurements
than the creep does. It has been also observed that although the
creep does not signiﬁcantly affect the trend of the lattice strain
evolution, a better agreement with the experiments is found if
creep is included in the simulations. Numerical results have sug-
gested that enforcing constant stress at each measuring point
may be a more efﬁcient situation for comparing experiments and
simulations.
Finally, it is worth mentioning that crystal plasticity based ﬁnite
element (FE) approach has been also widely used to interpret neu-
tron diffraction results (Dawson et al., 2001; Marin et al., 2008). In
FE simulations an element of the FE mesh represents either a single
crystal or a part of a single crystal, and the constitutive response at
an integration point is described by the single crystal constitutive
model. This approach enforces both equilibrium and compatibility
throughout the polycrystalline aggregate in the weak FE sense
(Anand and Kalidindi, 1994; Wu et al., 2004). Furthermore, it facil-
itates consideration of grain morphology and the modeling of
deformation inhomogeneity within individual grains (Wu and
Lloyd, 2004; Wu et al., 2007). This work is in progress and will
be reported elsewhere.
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